ABSTRACT-In this study, the effect of ascorbic acid 2-glucoside (AA-2G), a stable derivative of ascorbic acid (AsA), or repeated additions of ascorbate on antibody productions by human peripheral blood lym phocytes (PBLs) was examined, and the physiological function of AsA was evaluated. When human PBLs were stimulated with Staphylococcus aureus Cowan I or pokeweed mitogen, AA-2G remarkably increased the numbers of IgM and IgG-secreting cells which were detected by enzyme-linked immunospot assay. Although a single addition of ascorbate was without effect, the effect of AA-2G was remarkably inhibited by the addition of castanospermine, an a-glucosidase inhibitor; and moreover, repeated additions of AsA to the culture medium during the culture period enhanced the response to the same level as did a single addi tion of AA-2G. These results indicate that AsA has the ability to stimulate the immunoglobulin productions by AA-2G. The phytohemagglutinin-induced proliferative response of PBLs was also stimulated by AA 2G. The intracellular AsA content in PBLs cultured with AA-2G was maintained at relatively high levels dur ing the culture period, whereas the content with a single dose of AsA reached nearly zero by the end of the experiment. These in vitro findings suggest that AA-2G and AsA function as potent immunostimulators of antibody production in humans and that the intracellular AsA content is a key parameter for establishing the immune response of PBLs.
There have been many reports that AsA enhances the human immune response, for example, enhancements of Con A-induced proliferation of human PBLs (1), chemotaxis of neutrophils (2) and phagocytosis of mononuclear leukocytes (3) . AA-2G is one of the most promising AsA derivatives (4, 5) , because it shows remark ably high stability against thermal and oxidative degrada tion in vitro (6) , and it is easily converted into AsA in vivo by enzymatic cleavage (7) . AA-2G was shown to act as an effective antiscorbutic vitamin in guinea pigs (7, 8) and to stimulate the collagen synthesis in human skin fibroblasts in vitro (9) . Recently, using a culture system, we have clarified that AA-2G enhances the antigen specific anti body production by murine splenocytes (10) . It is well known that AsA is synthesized in mice, but not in hu mans. Nevertheless, it was reported that AsA in human lymphocytes (11) and neutrophils (12, 13) was found in millimolar concentration. These findings strongly suggest that AsA plays an important role in the human immune system.
In this study, we examined the effect of AA-2G on the immune response in human PBLs in culture, and we found that mitogen-induced IgM and IgG production was enhanced by AsA which was enzymatically converted from AA-2G. was supplemented with penicillin G (100 U/ml) and strep tomycin (100 g/ml).
Preparation and culture of human PBLs Human PBLs were prepared from blood (20-50 ml with 70-100 U heparin) from healthy volunteers using Ficoll-Paque density gradient centrifugation.
Mitogen-induced antibody production in vitro
Human PBLs (1 x 10) were cultured in a 96-well, round bottomed plate (Nunc, Roskilde, Denmark) with PWM (10 ttg/ml) or SAC (1 : 160,000 final dilution) in 0.2 ml of RPMI 1640 medium containing 10010 FCS for 7 or 10 days at 37V under 5% CO2 in air. AA-2G or AsA was added to the culture medium on the first day of cul ture. In another experiment, AsA was added repeatedly at 12-hr intervals.
ELISPOT assay
After cultivation, the number of antibody secreting cells was assessed by the ELISPOT assay (14, 15) . Cells were collected and transferred to the 24-well plates coated with anti-human IgM or IgG. They were incubated for 18 hr at 37V under 5010 COD and the wells were repeatedly washed with PBS. POD-anti-IgM or IgG was added into the plates and incubated for 1 hr at 371C. After washing with PBS, DAB (2 mg/ml in 1010 agar/PBS) was added as a substrate. Then the plates were left overnight at room temperature. Dark-brown spots were counted as antibody secreting cells.
Mitogen-induced proliferative response in vitro
Human PBLs (1 x 10) were cultured with various con centrations of PHA in 0.2 ml RPMI 1640 medium con taining 10% FCS for 3 days at 371C under 5% CO2 in air. AA-2G or AsA was added on the first day of culture. The cells were pulsed with 3H-TdR (18.5 kBq) for an addi tional 6 hr and then harvested on glass fiber filters. Radio activity was counted by a liquid scintillation counter.
Measurement of intracellular AsA in human PBLs
Cultured cells were collected and counted. The cells were lysed with 10% TCA and the cell lysate was cen trifuged. AsA in the supernatant was assayed by HPLC equipped with an electrochemical detector (Eicom, Kyoto). The assay conditions were as follows: column, Shim-pack ODS column (6 mm x 150 mm; Shimadzu, Kyoto); mobile phase, 0.1 M H3PO4-0.1 M KH2PO4 (10 mg/1 EDTA, pH 2.0); flow rate, 0.7 ml/min; detector, Eicom ECD-100. The amount of AsA was calculated on the basis of peak height of the standard AsA solution (1 pg/ml) and expressed as ng/ 105 viable cells.
Statistical analyses
Means and standard deviations of all data are present ed and were compared by Student's t-test with significant probability levels of less than 0.05 or 0.01. 
RESULTS
Effect of a single dose of AA-2G or AsA on mitogen-in duced antibody production When AA-2G or AsA was added on the first day of cul ture, AA-2G (0.25 and 0.5 mM), but not AsA (0.25 mM), significantly increased both SAC-induced IgM and IgG secreting cells (Fig. 1) . Using PWM, a T cell-dependent B cell mitogen, as a stimulator, AA-2G also enhanced the number of antibody-secreting cells, whereas AsA rather decreased them (Fig. 2) . PWM was used as a mitogen in the following experiments. The concentration of AA-2G used in this experiment did not affect cell viability, but AsA showed cytotoxicity at concentrations higher than 0.25 mM.
Effect of an a-glucosidase inhibitor on antibody produc tion stimulated by AA-2G
The effect of the a-glucosidase inhibitor Cas on AA 2G-stimulated antibody production was examined. Cas and AA-2G were added to the culture at the same time. The enhancing effect of AA-2G was abolished by Cas (Fig. 3) . Cas (0.2 pM) alone had no effect on the number of antibody-secreting cells and the cell viability.
Effect of repeated addition of AsA on antibody produc tion
The half-life of AsA in the medium is less than 8 hr (16) . Therefore, AsA was added repeatedly to the culture at 12-hr intervals, and its effect on antibody production was studied (Fig. 4) . As a control, a single dose of AsA or AA-2G was added on the first day of culture, but the same volume of medium was added on the following days. The number of IgM secreting cells was increased sig nificantly by repeated addition of AsA at the dose of 0.03 mM, reaching the same level as that obtained with a single dose of AA-2G (0.5 mM). PHA-induced proliferative response of human PBLs When lymphocytes are activated by mitogens or anti gens, they proliferate, produce cytokines and differentiate to plasma cells. Namely, antibody production is associat ed with lymphocyte proliferation. Thus the effect of AA 2G on PHA-induced proliferation of PBLs was exam ined. AA-2G significantly stimulated the proliferation of PBLs at a dose of 1 mM (Fig. 5) . AA-2G was not cyto toxic at doses of 0.5 and 1 mM.
Determination of intracellular AsA contents in human PBLs cultured with AA-2G or AsA Human PBLs (1 x 105) were cultured with AA-2G or AsA in the presence of PWM. Intracellular AsA content was determined at the indicated days of culture. On the first day of culture (day 0), AA-2G or AsA was added to the culture at a final concentration of 0.25 or 0.5 mM. When AsA (0.25 mM) was added, intracellular AsA con tent was transiently increased on day 1. After day 2, it rapidly decreased to an undetectable level in a similar manner as the control culture. In contrast, the addition of AA-2G resulted in a relatively high level of intracellular AsA throughout culture period (Fig. 6) . 
DISCUSSION
In humans, it is necessary to take AsA in the diet because humans lack the ability to synthesize AsA. However, it has been reported that a millimolar concentra tion of AsA exists in human leukocytes and the concentra tion is much higher than that in the plasma (11) (12) (13) . Thus, it is considered that AsA is essential for human leukocytes to maintain homeostasis in response to foreign stimulation, and therefore, it is important to make clarify the role of AsA in the immune system. In this report, we examined the effect of AA-2G on the mitogen-induced immune response of human PBLs in vitro to clarify the function of AsA. We found that AA-2G stimulated PWM (17) and SAC (18)-induced antibody production remark ably, whereas AsA had no stimulating effect by a single addition. AsA in the medium rapidly decomposed with a very short half-life (1-8 hr) (16) , but the high stability of AA-2G in neutral solution (6, 9) makes it more useful than AsA in a long-term cell culture. Moreover, we confirmed that AA-2G had no cytotoxicity in PBLs, but AsA showed cytotoxicity at concentrations higher than 0.25 mM. When AsA at a low concentration, which was not cytotoxic, was added repeatedly, the antibody produc tion induced by PWM was stimulated. This finding sug gests that the enhancing effect of AA-2G may be due to AsA released from AA-2G. To confirm this possibility, the effect of a-glucosidase inhibitor on antibody produc tion enhanced by AA-2G was examined. This effect of AA-2G was reduced significantly by the presence of 0.2 iM Cas, a-glucosidase inhibitor. These results are consis tent with those of murine splenocytes (10) , and this is a common effect of AsA on the immune system. It is there fore concluded that AsA released from AA-2G by a glucosidase is involved in the stimulation of the immune response. We have shown that rat splenic homogenates have moderate enzymatic activity to hydrolyze AA-2G (4) and that the solubilized membrane fraction of murine splenocytes also has a-glucosidase activity (I. Yamamoto et al., unpublished data). We have also demonstrated that a-glucosidase activity in the medium supplemented with 10010 FCS is extremely low and not high enough to cleave the glucoside bond of AA-2G (9) . Therefore, this enzyme is expected to be located on the cell membrane. In addi tion, intracellular AsA content was relatively high in PBLs cultured with AA-2G, but it was depleted in the con trol and PBLs cultured with AsA during cell culture. These findings suggest that AA-2G is regarded as an immunostimulator substituting for the action of AsA in human PBLs in vitro. It is an interesting and important finding in our results that the intracellular AsA content is relatively high in PBLs cultured with AA-2G. Other inves tigators reported that intracellular AsA was rapidly con sumed by phorbol myristate acetate-activated polymor phonuclear leukocytes (19) and by murine macrophages during phagocytosis (20) . It was also reported that the mononuclear leukocyte AsA content in the absence of AsA decreased and that cells accumulated AsA when AsA was added to the medium (11). Our result suggests that mitogen-stimulated PBLs consume intracellular AsA and are supplied with AsA derived from extracellular AA-2G. AsA is very unstable in the medium, so repeated addition of AsA is required to maintain intracellular AsA. AsA is an excellent antioxidant in the plasma, being better than bilirubin, uric acid and a-tocopherol (21) . Among the roles of AsA, it is speculated to act as an anti-oxidant to protect cells against oxidative damage caused during the respiratory burst (19, 22) and to be involved in the pro tective effect against infection including synthesis and processing of cytokine (11) .
Recently, it is indicated that free radicals may be re lated to the suppression of the immune system accom panying aging (23) . It was also reported that the decrease of AsA content in the plasma and leukocytes was corre lated with the increase in lipid peroxide in the blood in elderly men (24) (25) (26) . Therefore, reduced intake of AsA in elderly people is considered to cause a depression of the immune response (27, 28) . From our results, it is sug gested that AA-2G, substituting for AsA, can prevent the depression of immunity.
This report indicates that AA-2G stimulates both B cell and T cell-dependent B cell mitogen-induced antibody production and PHA-induced proliferation of PBLs in vitro. Therefore, AA-2G can affect both T and B cells to potentiate the immune response. The classes of secreted antibodies in these in vitro cultures were identified to be IgM and IgG. In murine splenocytes, AA-2G enhances the antigen specific secondary response and lipopolysac charide-induced polyclonal IgM, IgG and IgE production (I. Yamamoto et al., unpublished data), so AA-2G may act as a nutritional factor of the immune cell. Though the mechanism of action of AsA on the immune response is yet unclear, it will be clarified by further in vitro experi ment using AA-2G.
